High precision absolute measurements of the ionization energy (e) for alpha particles and electrons have been made in two thick high purity silicon guard ring detectors between 100 K and 250 K. At a fixed energy (E) both Eo and ce-were found to vary linearly (r = 0.999) with the band gap (WG). 6cx and Ce-also increased with E and Ee-# E-a. The slope (^Ca/AWG) = over the WG range from 0.7 to 1.6 eV. Therefore there is a need for further E measurements on high purity samples of all four materials.
Introduction
Despite the considerable attention which has been given to the average ionization energy (e) of silicon and other semiconductors', there have been significant discrepancies between measurements made by different groups and between theory and experiment. Some of the experimental disagreements could be attributed to charge loss due to differences in the quality of the starting material available and of the radiation detectors themselves (e.g. poor contacting), and also to the practical difficulties of making absolute measurements of C with high precision. has not been confirmed by later work (see Figure 1 and Table 1 ; WG values used are those of reference 6).
The usual procedure has therefore been to take Pehl et al's value of E. (Si, 300 K) = 3.62 as the normalisation point for other relative measurements of C. The implicit assumption in this procedure is that although the detector used by Pehl et al. suffered from carrier trapping at low temperatures the charge loss became negligible as the temperature increased.
It has generally been assumed that the ionization energy should be independent of the incident radiation (a, e-, y, etc.) and of its energy. In fact Pehl et al, like earlier workers with Si, found a difference between em and se-which was outside their estimated error of + 0.02 eV/ehp (for Ge they did find Ca = ee).
This paper reports new measurements made with alpha particles and with electrons in high purity Si detectors the aim being to check the absolute values of E. and & and their temperature variation in detectors free of charge loss.
The method of measurement of E, references to earlier experimental work and to the various theories regarding E have been well documented in references 1 to 4 and will not be covered here in any detail.
Detectors
Two detectors were made from high purity n-type Si, one 90 kQ cm, the other 20 kg cm (Wacker-Chemitronic). The Li diffused n+ rear contacts were divided into a central collector (-10 mm diameter) and a guard ring (-20 mm diameter). The front evaporated gold surface barrier contact (. 15 mm diameter) was estimated to be 10 nm thick. The detectors were close to 2 mm thick.
For the detector made from 90 kQ cm material (No. 1) guard ring 'pinch off' was at 200 V while breakdown occurred at over 1000 V. Corresponding figures for the 20 kg cm detector (No. 3) were 500 V and 1200 V. For both detectors the decrease in e with increase in the applied voltage above pinch off was negligible (-0.0003 eV/ehp for a 100 V change); at 200 K the best line and pulser resolutions were 1600 and 1100 eV (fwhm) respectively for the 320 keV 133Ba conversion electron line. The best corresponding figures for the 5.486 MeV alpha particle spectra were 12 and 5 keV at 100 K.
To match the precision used in measuring e the detector temperature was measured carefully with two copper-constantan thermocouples, one on each side of the thermal path between the cryostat cold finger and the detector. The accuracy of the thermocouples was checked at 77 K and 195 K.
Particle Sources and Energies
The various sources available and the energy values adopted are given in Table 2 . While the e-and y energies are known reliably, having been carefully measured by numbers of workers using a variety of methods, it should be noted that the absolute values of the a energies have only been measured by a single method, that of the uniform field 1800 magnetic spectrograph7. It is therefore conceivable that they are subject to systematic error.
No corrections are necessary to y energies. However the energies of alpha particles and electrons upon reaching the active detector region may be different from the absolute energies due to:
(a) energy loss within the source material, (b) acceleration or deceleration in the electric field due to the detector bias, (c) energy loss within the gold S-B contact and within any inactive detector'window'region.
Corrections are easily made for (b) but some checking is needed to ensure that (a) and (c) do not significantly affect the £ values. Considering -efirst and assuming that ce-= S this was done by measuring the apparent e-and y energies for the three conversion electron sources. A thin A.A.E.C. 57Co source showed a total energy loss of less than 100 eV for 114 keV electrons. This eliminated (c) as a possible source of error for ee-. Since Sg remained unchanged (within the limits of measurements) over a wide range of detector bias it was assumed that the detector 'window' did not absorb significant energy from the alpha particles. However the 10 nm gold barrier was estimated to absorb close to 4 keV, for which a correction was applied in calculating ea.
Electronics
The design of the electronics system was determined by the need for high precision absolute measurement of 6. Relative measurements of & are much less demanding. shaping times) went to a high precision ADC (Canberra type 8060, gain set at 2 K or 4 K channels) operated as part of a computer PHA system (based on a DEC PDP9L). This permitted the rapid and accurate location of pulser and spectral line channel numbers and so of equivalent charge.
Estimation of Errors
The values of WG used in this work were taken (by graphical interpolation) from Table I of Macfarlane et a16, which appear to be the most accurate reported. Examination of the absorption edge spectra shown in their Figure 1 shows that their probable errors were close to + 0.0002 eV. The absolute accuracy of WG may be lower than this due to uncertainty in the value of the exciton energy Eex = 0.010 + 0.002 eV. Eex must be added to the measured values E given in Table I of reference 6 to obtain WG. However this should not affect the accuracy of &El£WG since Eex is expected to be independent of temperature6.
The detector temperature was taken as the mean of the values indicated by the two copper-constantan thermocouples. The difference between these was normally less than 8 K and the probable error in T, + 1 K. This corresponds to an error at WG = 1.1500 of + 0.0002 eV.
The probable errors in the calculation of individual values of e from E = eE/CcVp (e = 1.60219 x 10-19 coulombs) are given in Table 3 . The probable errors in C for the least square fits to the experimental runs, shown in Figures 2 and 3, were less than 0.001 eV. To match the accuracy of E and Cc careful measurements of the step pulser voltage V were necessary. In the method adopted four pulser peaks, closely spaced on either side of the selected spectral peak, were run up successively on the PHA system, and the channel numbers of the five peaks recorded. The equivalent voltage V corresponding to the spectral peak was then found by graphical interpolation. (Figure 2, line c, Figure 3, line b) Since E(Si) was not found to be independent of the incident radiation it was necessary to check if it was independent of the radiation energy. Preliminary checking (at one value of WG) with a number of alpha and electron sources showed that any dependence of E on E must be very small. However a comparison of successive runs (over the full available range of WG) at different energies (see Figure 4) showed a consistent increase of e with energy for both 6e and E., and for the two detectors. All these experimental results taken together give firm support to the hypothesis that there is a real difference between the interactions of alpha particles and electrons within the Si crystal and that this difference is a function of the particle energy and presumably of the ionization density. 7 The acceptance of the differences between £g and ce-and of the small dependence of 6 on particle energy, as real properties of silicon will make it necessary to re-examine the theory of the interaction processes between the particles and the crystal The theory is based on experimental results for hot electrons generated in high field regions of p-n junctions, only a few microns wide. In the radiation detector case the electron hole pairs generated by alpha particles are confined to a similar narrow region.
The range in silicon is only 30-40 im while the lateral spread of the alpha particle ionization is small (< 1 im), firstly because of the low energy of the 6-rays (< 3 keV) and secondly, because of the high plasma space charge field. In contrast the electron range can be as large as 1.5 mm (975 keV) while the high energy (up to Ee-/2) of the 8-rays produces a large lateral spread of electron hole pairs. The specific ionization of electrons is much lower than that of alpha particles. These differences in the spatial distribution of the initial ionization may be the cause of differences in the kinetic energy distribution and so of differences in & and of its dependence on band gap and on radiation energy. If this is so then £ should show similar small variations in other materials such as high purity germanium. Further precision measurements at different particle energies are required to check the results of Pehl et al.1 who found that £ee E2 a in a 'thin window' Ge(Li) detector.
(AC/AWWG) and 6 in Other Semiconductors
Since the agreement between the theory of Drummond and Moll and experiment as regards (AEa/AWG) in Si is now reasonably satisfactory, it is worthwhile examining the values obtained with other semiconductors. It would seem prudent to confine attention to the three better known materials, Ge, GaAs and CdTe, with WG values closest to that of Si (see Table 4 ). Unfortunately, even within this limited range, an examination of the published results shows that there is a need for further precision absolute measurements of E. and &e. on high quality detectors, made from the highest purity materials available. Until such measurements are available any discussion must be partly speculative. /&WG) 2.59. However the experimental work on which these values were based was carried out on materials with relatively high net impurity concentrations, donors less acceptors, (ND -NA) 1016 cm-3 compared with the lower total impurity concentrations (ND + NA) 1013 cm-3 found necessary for good radiation detectors15.
The impurities are responsible for carrier trapping, which degrades the spectral resolution, and so the e values obtained with such material should be treated with caution. For example, the InSb value quoted16 e = 1.2 eV/ehp at WG = 0.165 eV, differs widely from a more recent value17 Ea = 2.4 eV/ehp at WG = 0.25 eV.
The two experimental values1'18 of (AC/AWG) in Ge (Table 4) To obtain the best experimental value of (&Ea/&WG) in CdTe it is necessary to combine the WG versus T data of Marple20 with the results of AlberigiQuaranta et al. 21 for £ versus T. The result is shown in Figure 5 , the slope being 1.8. Cornet et al. 22 have reported two higher values of 6a in CdTe at 300 K and 77 K, which also give a very high value of (&A/AWG) = 3.3. This together with the poorer resolution suggests higher levels of carrier trapping in their detector. As with GaAs it is likely that measurements on improved detectors would show lower values of E.
The absolute values of -x versus WG for all four semiconductors are shown in Figure 6 . A line drawn through the Ge It would be surprising if this were so in view of the very different band structures of these materials.
InP is another semiconductor with a band gap (WG 1.30) within this range so that measurements of £ (extrapolated value, ES = 3.95) in this material would also be useful.
Conclusions
High precision measurements of the absolute value of the average ionization energy for alpha particles in silicon have shown good agreement with the results obtained in other laboratories. A closer agreement has 476 also been shown between the experimental value of (,4£/,WG) and the theoretical value, as calculated by Drummond and Moll. The high purity of the silicon used to make the radiation detectors and the high precision of the measurements have made it possible to confirm conclusively the earlier observations that E. E 5e and to make it evident that & also varies noticeably with particle energy. These results will make it necessary to carry out similar measurements for other particles and semiconductors, particularly high purity germanium. A re-examination of the theory of the interaction between the incident particles and the semiconductor would also be useful.
Only four high purity semiconductors (Ge, Si, GaAs and CdTe) are at present available for a reliable estimation of (bc/AWG) over a wide range of WG. A plot of £ versus WG for these four materials suggests that (1&C/AWG) 1.8 for 0.7 < WG < 1.6. This is lower than the value of 2.6 obtained by other workers using E values for a wider range of WG, but with lower purity semiconductors.
There is clearly a need for further precision measurements of E over a wider range of particles, energy and semiconductors. 
